SPECIAL SECTION: HANFORD SITE
The USDOE has initiated an impact assessment of existing vadose zone contamination at the Hanford Site SX tank farm in southeastern Washington State. The assessment followed the Resource Conservation and Recovery Act (RCRA) Corrective Action process to address the impacts of past tank waste releases to the vadose zone at the single-shell tank farm. Numerical models were developed that consider the extent of contamination presently within the vadose zone and predict contaminant movement through the vadose zone to groundwater. The transport of representative mobile (technetium-99) and immobile (cesium-137) constituents was evaluated in modeling. The model considered the accelerated movement of moisture around and beneath single-shell tanks that is attributed to bare, gravel surfaces resulting from the construction of the underground storage tanks. Infi ltration, possibly nearing 100 mm yr −1 , is further amplifi ed in the tank farm because of the umbrella effect created by percolating moisture being diverted by the impermeable, sloping surface of the large, 24-m-diameter, buried tank domes. For both the base case (no-action alternative) simulation and a simulation that considered placement of an interim surface barrier to minimize infi ltration, predicted groundwater concentrations for technetium-99 at the SX tank farm boundary were exceedingly high, on the order of 10 6 pCi L −1 . The predicted concentrations are, however, somewhat conservative because of our use of two-dimensional modeling for a three-dimensional problem. A series of simulations were performed, using recharge rates of 50, 30, and 10 mm yr −1 , and compared to the base case (100 mm yr −1 ) results. As expected, lowering meteoric recharge delayed peak arrival times and reduced peak concentrations at the tank farm boundary. and future migration of contaminants ; and issues posed by possible future remedial actions are of interest in assessing the impacts associated with the SX tank farm.
The SX tank farm is located within the 200 West Area (Fig.  1) . Perturbations of the natural hydrogeologic system at the SX tank farm occurred because the ground was excavated down approximately 15 m below ground surface (bgs), and 15 large cylindrically shaped storage tanks with approximate dimensions of 14-m height and 24-m diameter were emplaced in a regular pattern with about 30-m spacing between tank centers (Fig. 2 ). The excavated material was then backfi lled, and an approximate 2-m gravel layer was placed on top. The altered hydrogeologic properties in the backfi lled region led to a substantial increase in net infi ltration. The moisture migration within the unsaturated zone was further altered by the umbrella effect of the tanks that diverts moisture around the tank perimeters (Kline and Khaleel, 1995; Ward et al., 1997) .
As part of site characterization, a number of studies have been conducted at the S and SX tank farms (Fig. 1) . These include characterization of subsurface geology and subsurface conditions (Price and Fecht, 1976; Myers et al., 1998; Johnson et al., 1999; Myers, 2001) , vadose zone contamination and contaminant inventories (Raymond and Shdo, 1966; Goodman, 2000; Jones et al., 2000) , laboratory investigations (McKinley et al., 2004; Liu et al., 2003; Steefel et al., 2003; Zachara et al., 2002; Serne et al., 2001a, b) , and modeling (Ward et al., 1997; White et al., 2001; Pruess et al., 2002; Steefel et al., 2003; Lichtner et al., 2004) . A compendium of knowledge on subsurface conditions, hydrogeochemical processes, and nature and extent of vadose zone contamination for the S-SX tank farms has been provided in a recently published fi eld investigation report (Knepp, 2002) . Because infi ltration is a major driver for transport of long-lived mobile radionuclides (e.g., technetium-99), the report considered several management options for controlling infi ltration. One of the management options is emplacement of interim surface barriers to reduce infi ltration of moisture and thereby reduce long-term risks from groundwater contamination at the SX tank farm. The objective of our investigation was to evaluate the effectiveness of interim barriers to the infi ltration (recharge) of meteoric water (from precipitation and snowmelt) on the migration of contaminants from previous leak sources. The reference suite of simulations (base case or noaction alternative) considers the migration of contaminants from fi eld estimates of concentration distributions through the vadose zone to the tank farm fenceline boundary with no interim barriers but a closure barrier by the year 2040. The base case results were compared to results for a scenario with an interim barrier placed in 2010, followed by a closure barrier in 2040. The twodimensional cross-sectional simulations were run for 1000 yr. Two radionuclides, cesium-137 (short-lived with a half-life of 30.14 yr and relatively immobile) and technetium-99 (long-lived with a half-life of 2.03 × 10 5 years and mobile) were evaluated. The simulations predicted that cesium-137 does not migrate to the fenceline boundary and that technetium-99 does; therefore, results are presented only for technetium-99.
Geology and Vadose Zone Contamination Data
The generalized stratigraphy beneath the Hanford Site 200 West Area consists of, in ascending order, the Columbia River Basalt Group, the Ringold Formation, the Cold Creek unit, and the Hanford formation. The geologic cross-section used in twodimensional cross-sectional modeling for the tank row consisting of tanks SX-107, SX-108, and SX-109 is shown in Fig. 3 gravel, the Cold Creek unit consists primarily of fi ne sand and silt and has higher moistureholding capacity compared with other units. Another noticeable feature of the cross-section is the southwesterly dip of the coarse-grained unit. The fenceline boundary is located on the lower right corner of the cross-section (Fig. 3) . Table 1 provides the estimated contaminant inventory in the vadose zone at the S and SX tank farms. For the tank farm cross-section considered in this study, the vadose zone contamination in the region is dominated by the waste leaked from tank SX-108 between 1962 and 1967. Smaller-volume leaks occurred from tanks SX-107 and SX-109. While other tanks are listed in Table  1 , the focus of our study is contamination that is primarily derived from tank SX-108 leak.
In 1998 borehole 41-09-39 (W23-234 in Fig. 4) , located near tank SX-108, was sampled in two episodes following its initial completion. First, the borehole was extended via drilling from about 39.6 m (130 ft) bgs to groundwater, about 65.5 m (215 ft) bgs, with near continuous sampling obtained during the extension. Then the upper portion was sampled via coring of borehole sidewall from 39.6 to 7.6 m (130-25 ft) bgs as the borehole was decommissioned; the sidewall core samples were of 2.5 × 2.5 × 28 cm.
A slant (?30° off vertical) borehole (W23-64 in Fig. 4 ) was also drilled near tank SX-108. Sixteen core samples were recovered from the slant borehole at depths from 16.8 to 43.9 m (55-144 ft) bgs. The sediment characterization data were augmented with spectral gamma logging data from 98 drywells (not shown) surrounding the SX tanks. The spectral gamma logs show that the vast majority of the cesium-137 is in the upper regions of the vadose zone between 0 and 12.2 m (40 ft) below the tank bottoms, that is, 16 to 28.3 m (53-93 ft) bgs, and within the coarse-grained unit that dips to the southwest (Fig. 3) . Some cesium-137, however, is present as deep as 30.5 m (100 ft) below the tank bottoms in several places.
The sediment characterization data from the recent boreholes show that the bulk of the cesium-137 under tank SX-108 is found between 0 and 12.2 m (40 ft) below the tank bottom, that is, 16 to 28.3 m (53-93 ft) bgs. At borehole 41-09-39, the bulk of the cesium-137 is found between 1.8 and 16.8 m (6-55 ft) below tank bottoms, that is, 18 to 33 m (59-108 ft) bgs. Figure 5 shows the vadose zone contaminant profi les for cesium-137, technetium-99, and sodium, based on borehole 41-09-39 sampling for tank SX-108 leak. As described below, Fig. 5 is primarily used to develop initial conditions for vadose zone contaminant distribution.
Conceptual Model for Migration of Tank Leak
Historically, it was assumed that cesium-137 sorbs readily on to Hanford sediments, drops out of solution quickly, and hence is not available for transport through the vadose zone. However, in the SX tank farm, cesium-137 was found farther into the vadose zone than the preceding hypothesis would suggest. An extensive effort (Serne et al., 2001a, b) to understand this observation was undertaken, and it was found that for tank leak SX-108, supernate chemistry controlled the local chemical environment near the leak. Historical knowledge of tank supernate chemistry and laboratory sorption work (McKinley et al., 2004; Liu et al., 2003; Zachara et al., 2002) , as well as numerical calculations (Steefel et al., 2003; Lichtner et al., 2004) , indicated that optimum conditions existed at the time of tank leak to cause higher-than-postulated cesium-137 mobility. The primary enabling conditions were a combination of very high sodium and cesium-137 concentrations in tank fl uid. Under these conditions, sodium was more strongly sorbed, causing cesium-137 to remain in solution.
From these observations, a simplifi ed two-step model for how the SX-108 leak migrated into the vadose zone was postulated. In the fi rst step, a rather rapid release of the leaking fl uid occurred, providing a hydraulic driver for the fl uid to move through the vadose zone. Stratigraphic variability in the vadose zone geology exerted suffi cient infl uence to induce movement initially in the lateral direction to the southwest (Fig. 3) . The supernate chemistry controlled the local geochemical conditions to enhance the mobility of cesium-137 so that the cesium was poorly retarded and migrated essentially with the leaking tank fl uid. As discussed in Serne et al. (2001a) , the ratio of cesium-137 to technetium-99 activity in the shallow sediments from 18.3 to 25 m (60-82 ft) bgs was greater than 10,000. Such high ratios suggest that cesium-137 and technetium-99 may be traveling at the same rate through these shallow sediments below the tank bottom. However, the potential exists that the presence of some of the cesium-137 in deep vadose zone sediments is due to drag-down (push-down) along the borehole.
In the second step, the hydraulic driver for the leak event eventually relaxed, and the moisture distribution within the farfi eld (away from the leak source and at depths in excess of 10 m below tank bottom) vadose zone equilibrated with natural infi ltration. Far-fi eld conditions reverted to more natural soilwater conditions (the soil essentially buffered the high sodium tank chemistry), thus again causing cesium-137 to sorb strongly to sediments. As indicated in Fig. 5 , subsequent movement of cesium-137 was held to a minimum. Between the depths of 27.4 and 40.9 m (90 and 134 ft) bgs, the cesium-137 to technetium-99 ratio ranges from less than 1 to about 100 (Serne et al., 2001a) , which suggests that cesium-137 eventually is removed from the fl uid. However, technetium-99 as well as other nonsorbing constituents (e.g., nitrate, nitrite, and sodium) remained mobile. Figure 5 shows a reduction of sodium concentration and a distinct chromatographic separation of cesium-137 and sodium with depth. Once cesium-137 and sodium were sufficiently separated, cesium-137 sorption became favorable, fi xing it in place. Site characterization data ( Fig. 5 ) also suggest that the bulk of the radionuclide inventory from the SX-108 leak is still within the vadose zone and, as discussed below, only a small fraction of contamination from the leak reached the unconfined aquifer. 
Modeling Approach
The simulations in this study did not model the impact of a tank leak itself but modeled the impact from past tank leaks, as quantifi ed by existing contamination within the vadose zone (Fig. 5) . All simulations were composed of steady-fl ow and transient components, where fl ow fi elds developed from the steadyfl ow component were used to initialize the transient simulation. From the starting conditions, transient simulations of solute transport were conducted for a 1000-yr period (i.e., year 2000 CE to 3000 CE) that involved changes in the fl ow fi elds in response to placement of surface barriers.
Fluid fl ow within the vadose zone was described by Richards' equation, whereas the contaminant transport was described by the conventional advective-dispersive transport equation with an equilibrium linear sorption coeffi cient (K d ) formulation. Data on laboratory measurements for moisture retention, particle-size distribution, saturated and unsaturated hydraulic conductivity, and bulk density for individual stratum were based on samples from 200 East and 200 West Areas (Khaleel et al., 2000; Khaleel and Freeman, 1995) . Samples that contained measurements of soil moisture retention as well as unsaturated hydraulic conductivity were used. This was primarily to avoid extrapolating unsaturated conductivities (van Genuchten, 1980; Mualem, 1976) to the dry end, based on moisture retention and saturated conductivity estimate . Also, to refl ect fi eld conditions, the laboratory data were corrected for the presence of any gravel fraction in the sediment samples (Khaleel and Relyea, 1997) . As with fl ow modeling, each stratum was modeled with a range of transport parameters (i.e., bulk density, diffusivity, and macrodispersivity).
Initial Conditions for Flow
Steady-state initial conditions were developed by simulating from a prescribed unit hydraulic gradient condition to a steadystate condition, dictated by the initial meteoric recharge at the surface, variation in soil hydraulic properties, location of impermeable tanks, and no fl ux vertical boundaries above the water table. The water table boundary was prescribed by the water table elevation (65.5 m [215 ft] bgs) and an unconfi ned aquifer hydraulic gradient (0.0012 m m −1 ) from west to east. No-fl ux boundaries were used for the lower boundary (Fig. 3) . No solute transport was considered during the steady-state simulation.
Model Setup and Boundary Conditions
A two-dimensional (west-east) vertical (x-z) slice of the fl ow domain was used for modeling fl ow and transport. The fl ow domain includes the tank farm fenceline boundaries and extends vertically from the ground surface to about 6 m below the water table. The geologic strata are assumed continuous but not of constant thickness. For fl ow modeling, Neumann boundary conditions are prescribed at the surface with the fl ux equal to the recharge rate estimate. For transport modeling, a zero fl ux boundary was prescribed at the surface for cesium-137 and technetium-99. Above the water table, the western and eastern boundaries were assigned no-fl ux boundaries for both fl ow and transport.
Recharge Estimates, Flow and Transport Parameters, and Inventory Estimates
This section provides the recharge estimates as well as the effective (upscaled) values of fl ow and transport parameters for the vadose zone. Specifi c fl ow parameters include moisture retention and saturated and unsaturated hydraulic conductivity. Transport parameters include bulk density, diffusivity, sorption coeffi cient for cesium-137, and macrodispersivity. Details on deriving the effective (upscaled) parameters are addressed in Khaleel et al. (2000) . The section concludes with how the contaminant inventory was assigned as a function of elevation within the vadose zone.
Recharge Estimates
The tank farm surfaces are covered with gravel to prevent vegetation growth and provide radiation shielding for site workers. Bare gravel surfaces, however, enhance net infi ltration of meteoric water compared with undisturbed naturally vegetated surfaces (Gee et al., 1992) . Infi ltration is further enhanced in the tank farms by the effect of percolating water being diverted by the impermeable, sloping surface of the tank domes. The basis for recharge estimates (Table 2) is presented in Khaleel et al. (2000) . Table 3 lists the composite, fi tted van Genuchten-Mualem parameters (van Genuchten, 1980) for various strata at the tank farm. As stated above, to obtain a better fi t for unsaturated conductivity for the moisture regime of interest, the parameters are based on a simultaneous fi t of both moisture retention and unsaturated conductivity data so that the saturated hydraulic conductivity, K s (Table 3) is a fi tted parameter, not the laboratory-measured value. Also, because of a lack of information, sandy gravel data were used to represent properties for backfi ll sediments.
Effective Flow Parameters
The modeling accounts for moisture-or tension-dependent anisotropy (Yeh et al., 1985) for Hanford sediments. The hetero- 60E-04 † θ s = saturated moisture content, θ r = residual moisture content, α, n = van Genuchten parameters, l = pore connectivity parameter, K s = saturated hydraulic conductivity. Note that K s is not the laboratory measured value but is a fi tted parameter to obtain an accurate fi t for unsaturated conductivity for the drier moisture regime of interest. geneous nature of Hanford sediments is effective in smearing out the effects of large natural or manmade water applications. This was illustrated by the moisture content profi les at a controlled fi eld injection experiment site in the 200 East Area (Sisson and Lu, 1984; Ward et al., 2000; . The fi eld data for the injection experiment also suggests moisture-or tensiondependent anisotropy Ward et al., 2006) . Variable, tension-dependent anisotropy provides a framework for upscaling laboratory-scale measurements to the effective (upscaled) properties for the large-scale tank farm vadose zone. The Polmann (1990) model was used to describe tensiondependent anisotropy for sediments at the tank farm; details are in Khaleel et al. (2000, Appendix C) . To account for moisturedependent anisotropy, the Gardner (1958) relationship was used to describe unsaturated hydraulic conductivity (K) as a function of K s and tension, h. The Gardner model is referred to as the log-linear model, because lnK is linearly related to h through the Gardner slope β, the pore-size distribution parameter. However, such a constant slope is often inadequate in describing lnK(h) over ranges of tension of practical interest for fi eld applications. Therefore, the slope β was approximated locally by straight lines over a fi xed range of tension. The lnK s in Gardner equation was then derived by extrapolating the local slopes back to zero tension.
Using a linear correlation relationship between the logconductivity zero-tension intercept and β, the Polmann (1990) generalized model accounts for the cross-correlation of the local soil property (i.e., lnK s and β) residual fl uctuations. Compared to the uncorrelated lnK s and β model (Yeh et al., 1985) , a partial correlation of the properties has a signifi cant impact on the magnitude of the effective parameters derived from the stochastic theory.
Effective Transport Parameters
Similar to fl ow parameters, because of natural variability, the transport parameters are spatially variable. The purpose was again, similar to the fl ow parameters, to include the effect of such variability on the large-scale transport process.
The average bulk density estimates (Table 3) were based on data in Khaleel et al. (2000) for the fi ve strata. A sorption value of 500 mL g −1 was used for cesium-137 (Kaplan and Serne, 1999) as being representative of undisturbed sediments. The sorption coeffi cient for technetium-99 was estimated to be zero. The effective, large-scale diffusion coeffi cients for tank farm soils were assumed to be a function of volumetric moisture content, θ, and are expressed using an empirical relation (Millington and Quirk, 1961) .
Macrodispersivities were defi ned in a manner similar to saturated media estimates (Gelhar and Axness, 1983) . Macrodispersivity estimates are needed for both reactive (i.e., cesium-137) and nonreactive (i.e., technetium-99) species. The estimates are different for cesium-137 than those for technetium-99 because, unlike nonsorbing technetium-99, the sorption for cesium-137 varies as the soil properties experience spatial variability (Gelhar, 1993; Talbott and Gelhar, 1994) . Such variation affects the contaminant velocity, which, in turn, enhances the spreading of the plume. For reactive species (cesium-137), the enhanced spreading is defi ned by a macrodispersivity enhancement, relative to spreading for nonreactive (technetium-99) species.
An extended review is provided in Khaleel et al. (2000) on the rationale for macrodispersivity estimates; Table 4 gives the nonreactive estimates for technetium-99. The transverse values were estimated to be 10% of the longitudinal macrodispersivities. For cesium-137, the macrodispersivity enhancement ranged from about 1.07 for backfi ll sediments to about 2.35 for Cold Creek unit sediments. Stochastic theory (Gelhar, 1993) indicates that the macrodispersivity enhancement only occurs in the longitudinal direction.
Inventory Assignment by Depth
Figure 5 was used to assign inventory within the vadose zone profi le. First, the estimated inventory (Table 1) in the vadose zone due to contribution from tanks SX-108 and SX-109 were added; the total inventory under both tanks was then distributed in the lateral direction across the two tanks (including the space between the tanks) ( Fig. 6a and 7a ). For tank SX-107, the inventory is distributed across the diameter of that tank only (Fig. 7a) .
Next, both contaminant concentration (Fig. 5 ) and mass (Table 1) were constrained in distributing the inventory in the lateral direction for each depth within the vadose zone. In assigning the contaminant inventory by depth, it was assumed that higher inventories are associated with higher concentrations. Thus, the depth distribution consisted of a series of concentric disks of varying concentration and diameter with depth (Fig.  7a) ; the disk diameter was sized to maintain the total solute mass for a particular depth. Note that Fig. 5 is based on borehole 41-09-39 data; contaminant concentrations were slightly higher at borehole 41-09-39, compared to those at the slant borehole.
Numerical Simulation Results
All simulations reported herein were performed using the STOMP simulator Oostrom, 2000a, 2000b) . A detailed discussion on the numerical implementation for STOMP and simulation results is presented in White et al. (2001) . Selected results are summarized in Fig. 6 through 12 and are discussed below.
Base Case: No Action Alternative
The base case simulation investigated solute transport considering natural surface infi ltration, no interim surface barriers, but with a closure barrier by the year 2040. The closure barrier limits infi ltration to 0.1 mm yr −1 for the fi rst 500 yr. The simulations were initialized using a steady-state fl ow solution defi ned by a surface recharge rate of 100 mm yr −1 and a hydraulic gradient in the unconfi ned aquifer. Simulated results are presented for relative saturation (θ/θ s where θ = moisture content and θ s = saturated moisture content) distribution as well as for the solute concentration distribution for years 2000, 2050, 2540, and 3000. The moisture content fi eld for these simulations remains unchanged from the initial steady-fl ow fi eld until the year 2040, when the closure barrier becomes effective. The saturation fi eld is dependent on the surface recharge, impermeable structures (e.g., single-shell tanks), various strata, and their hydraulic parameters. The steady-fl ow saturation fi eld with 100 mm yr −1 of meteoric recharge is shown in Fig. 6a . This fi eld shows the impact of the tanks on the relative saturation, where higher than ambient saturations occur above and between the tanks and lower than ambient saturations occur just below the tanks.
By 2040 a closure barrier was assumed to be active, which lowered the meteoric recharge from 100 mm yr −1 to 0.1 mm yr −1 . The saturation fi eld dried in response to the change in surface recharge, as shown in Fig. 6b for the year 2050. A comparison of Fig. 6a and 6b shows that, at a lower value of surface recharge, the impact of the impermeable tanks on saturation is reduced. The closure barrier was assumed to remain effective for 500 yr, at which point it degrades, allowing meteoric recharge to increase to 3.5 mm yr −1 . In the 500-yr period between 2040 and 2540, the saturation fi eld continued to slowly dry reaching a minimum average level at 2540, as shown in Fig. 6c . In the 460-yr period between 2540 and 3000, the saturation fi eld wetted, in response to the increased meteoric recharge of 3.5 mm yr −1 for the degraded surface barrier. The saturation fi eld at year 3000 is shown in Fig. 6d . The closure barrier was assumed to decrease the meteoric recharge from 100 mm yr −1 to 0.1 mm yr −1 for 500 yr and then degrade to 3.5 mm yr −1 for the next 460 yr. The variations in surface infi ltration had the greatest impact on saturation in the region between tanks within the backfi ll material and the region immediately below the bottom of the tanks. As evident from Fig. 6a to 6d , the Cold Creek unit showed the least change in saturation with change in the surface recharge. The regions directly beneath the tanks additionally showed lower variability in relative saturation.
Color-scaled images for technetium-99 are shown as a series of time sequences in Fig. 7a to 7d . The solute concentrations are color valued using exponential scaling from the maximum concentration limit of 900 pCi L −1 for technetium-99 to the maximum initial inventory concentration. Note the differences in time sequences (Fig. 7a-7d) ; the initial inventory was spread across the region between tanks SX-108 and SX-109 and centered beneath tank SX-107. Although differences are noticeable in the plume located between tanks SX-109 and SX-108 with the plume beneath tank SX-107, the overall rate of migration toward the groundwater is nearly identical. The initial inventory beneath tank SX-107 shows a slight delay in arrival times. Some variations in solute migration direction are noted due to the sloped gravelly sand strata, but none substantially alter the breakthrough concentrations at the SX fenceline boundary, located on the lower right-hand corner of the domain (Fig. 7a-7d) . Figure 8 illustrates the simulated water fl ux at the water table as a function of time, whereas Fig. 9 shows the solute breakthrough curve (BTC) for technetium-99 at the tank farm fenceline. No cesium-137 was transported to the fenceline boundary for the simulated cross-section. This is true for the base case as well as for the interim barrier case.
Interim Barrier Case
The interim barrier case investigated solute transport considering natural surface infi ltration, an interim surface barrier placed in the year 2010, and a closure barrier in the year 2040. Unlike the closure barrier, which limits the infi ltration rate to 0.1 mm yr −1 for the fi rst 500 yr, the interim barrier limits the infi ltration rate to 0.5 mm yr −1 . Again, the simulations were initialized using a steady-state fl ow solution defi ned by the surface recharge rate of 100 mm yr −1 and a hydraulic gradient in the unconfi ned aquifer. Inventories for the two contaminant species and their distribution within the vadose zone were identical to those for the base case. The moisture content fi eld for these simulations remains unchanged from the initial steady-fl ow. Figure 10 illustrates the simulated water fl ux at the water table as a function of time, whereas Fig. 11 shows the solute BTC for technetium-99 at the tank farm fenceline.
Breakthrough times and peak technetium-99 concentrations at the tank farm fenceline boundary are shown in Table 5 for cases with and without interim barrier. For comparison, maximum initial concentrations are also included in Table 5 . Results indicate that, compared with the base case, the interim surface barrier reduces solute concentration at the tank farm fenceline but has negligible impact on the technetium-99 peak concentration arrival time. Although results are not shown here, the impact of the interim surface barrier on lowering peak concentrations is most affected by the initial vadose zone contaminant inventory distribution. Inventory distributions having concentrations of solute mass nearer the water table were less affected by the interim barrier compared with the inventory mass located higher up in the vadose zone. Concentrations at the fenceline boundary at year 3000 were always higher for the interim barrier simulation compared with the base case simulation, which indicates that a major benefi t of the interim barrier is to dampen the technetium-99 fl ux into the aquifer, broaden the breakthrough curve at the fenceline, and reduce peak concentrations.
Impact of Recharge Rates
To investigate the impact of meteoric recharge on contaminant transport, a series of simulations were performed, using recharge rates of 50, 30, and 10 mm yr −1 , and compared to the base case (100 mm yr −1 ) results. In all cases, the closure barrier was assumed to control recharge beyond the fi rst 40 yr. The initial fl ow fi eld for these simulations was the steady-state condition for the prescribed meteoric recharge rate and fi xed groundwater conditions (i.e., water table conditions and gradient). As expected, lowering meteoric recharge delayed peak arrival times and reduced peak concentrations at the fenceline boundary (Fig.  12) . The exception was the 10 mm yr −1 recharge case (Fig. 12) , where arrival times were delayed beyond 1000 yr. However, because of the late arrival, the peak concentrations for the lowrecharge case continued to increase for the 1000-yr simulation. Nonetheless, the concentration at the boundary, after 1000-yr simulation, was still well below those for other recharge rates.
All preceding simulations were performed using an isothermal model. Such an assumption is supported by a comparison of simulation results for nonisothermal and isothermal runs (White et al., 2002) . Nonisothermal model simulations indicate that during periods of high heat loads in the 1950s and 1960s, the thermal load from the boiling waste tanks altered fl ow patterns and caused large-scale redistribution of moisture. As a result, fl uid and vapor fl ow near the high-heat tanks was dominated by vapor-liquid counterfl ow. To understand the historical behavior, it is therefore important to consider the strong coupling between the thermal and hydrologic environments. For impact assessment, however, long-term simulation results for technetium-99 migration for isothermal and nonisothermal conditions were not signifi cantly different (White et al., 2002) , despite the known thermal effects of high-heat tanks. Ward et al. (1997) investigated technetium-99 transport due to tank leaks for the same cross-section considered in this study. Their modeling approach, however, was different from ours. Unlike ours, they modeled tank leaks, whereas we used the existing vadose zone contamination as our initial condition for technetium-99 migration through the vadose zone and on to groundwater. Ward et al. (1997) found that, in addition to leak volume estimates and fl uid density estimates of the leaked waste, recharge rates had a signifi cant impact on technetium-99 migration. Under high recharge rates, technetium-99 migrated rapidly to the water table, arriving within 30 yr of the initial leak. For a leak volume of 500 kL (132,000 gal), depending on recharge rates and specifi c gravity of leaked fl uid (1.0 to 1.4), their simulated technetium-99 peak porewater concentrations at the water table were in the range of 2 × 10 6 to 12 × 10 6 pCi L −1 . Because of groundwater mixing, our simulated peak concentration at the tank farm fenceline is lower (Table 5 ) but within the same order of magnitude of Ward et al. (1997) results for the no-action alternative.
Comparison of Base Case Model Results with Other Studies
With respect to fi eld data, RCRA monitoring wells (Fig.  4) in the vicinity of waste management area (WMA) S-SX show evidence of groundwater contamination from tank waste sources. Downgradient of the tanks to the south and east, technetium-99/(nitrate + nitrite) ratios are elevated with respect to those samples analyzed in upgradient wells to the west and north. With relatively greater technetium-99 inventories present in tank leak fl uids compared with neighboring cribs and trenches, the difference in ratios is attributed to contribution from tank waste sources. However, current contributions are limited and have depleted little of the vadose zone source term. For example, the fi eld evidence indicates that the bulk of technetium-99 is relatively high up in the vadose zone (e.g., technetium-99 distribution in borehole 41-09-39 [ Fig. 5]) .
We hypothesize that current contamination in the unconfi ned aquifer is a small fraction of the initial inventory and has reached the aquifer because of even more severe, but short-term and more localized, recharge events than those assumed in the modeling. The technetium-99/(nitrate + nitrite) ratios for tanks SX-108 and SX-115 are 0.43 and 0.42 pCi µg −1 , respectively. Maximum technetium-99 concentrations and technetium-99/(nitrate + nitrite) ratios (e.g., 188,000 pCi L −1 and 0.11 pCi µg −1 ) in well 299-W23-19 just southwest of tank SX-115 (Fig.  4) are anomalous. These data are assumed to be a small fraction of total inventory in a known leak from tank SX-115 that was driven to the unconfi ned aquifer by a subsequent undetected leak in a water line located at the southwestern edge of the SX tank farm. Waterline leaks were not part of modeling in this study. While the magnitude and duration of the waterline leak cannot be quantifi ed, local surface vegetation that persisted for several years, as well as uncharacteristically high moisture content in vadose zone sediments sampled from well 299-W23-19 (Fig. 4) , suggests several years of leakage.
Similar conditions are not indicated near tank SX-108, where comparable maximum technetium-99 concentrations and technetium-99/(nitrate + nitrite) ratios are lower (e.g., about 8000 pCi L −1 and 0.006 pCi µg −1 ) at nearby downgradient well 299-W22-39 (Fig. 4) . There is little evidence to suggest that the bulk of the contamination from the SX-108 tank leak has yet reached groundwater.
Conclusions
The major observations and remarks, based on the numerical modeling, are as follows.
• Recharge estimates have a major infl uence on technetium-99 peak concentrations and their arrival times. No SX tank farm-specifi c recharge estimates are available. The base case infi ltration rate of 100 mm yr −1 was based on lysimeter data for gravel-covered, nonvegetated surfaces that mimic tank farm conditions.
• The fi ne-textured Cold Creek unit, with its higher moisture-holding capacity, can delay migration of contaminants to the water table. Following the initial rapid infl ux from tank leak, slow migration under natural recharge allowed the mobile species to migrate through the Hanford sands and reach the contact between the Hanford sands and the Cold Creek. The numerical results suggest that, while the Cold Creek unit can prolong the vadose zone residence time, the mobile contaminants do eventually break through the unit.
• Cesium-137 actively sorbs on to Hanford sediments; the cations show an apparent ion exchange front. The development of the ion exchange front, on the basis of the borehole data, can be used to postulate that the contaminant plume is more likely traveling through the far-fi eld vadose zone sediments via porous media fl ow as opposed to traveling through preferred pathways. If the latter fl ow conditions were controlling the plume movement at the SX tank farm, it would be unlikely to encounter the well-developed ion exchange front throughout the borehole profi le.
• The interim surface barriers, as expected, reduce fl uxes to the water table. The technetium-99 peak concentration is reduced by more than a factor of six with placement of barriers but still exceedingly high. The two-dimensional modeling used in this study does not account for the additional mixing present in the third dimension; the predicted concentrations are therefore somewhat conservative.
• Simulated peak technetium-99 concentrations are considerably higher than those measured by the groundwater monitoring wells that are closest and east of the modeled crosssection, suggesting that the bulk of the contamination still resides within the vadose zone. The measured technetium-99 concentrations for well 299-W23-19 directly southwest of tank SX-115 have shown a persistent upward trend, but the contamination near SX-115 is unrelated to the leak from tank SX-108. Both groundwater monitoring data as well as numerical simulations show that cesium-137 does not reach the water table. The technetium-99 inventory is a small fraction of the cesium-137 inventory. However, because of its mobility and longevity, technetium-99 reaches groundwater at high concentrations.
